Steel abstract In this study, electrolytic plasma processing (EPP) was employed for surface nitrocarburizing of AISI 1020 steel in a urea electrolyte, where the substrate samples were connected cathodically to a high-voltage DC current power supply. The structural, mechanical, wear and corrosion properties of the samples treated for 3-5 min were investigated. The results
Introduction
Nitrocarburizing is a thermo-chemical process that consists of diffusing nitrogen and carbon into the surface of ferrous materials. The structural evolution produced by this treatment can be subdivided into a compound layer (often called white layer), consisting predominantly of iron carbonitrides applied in gas, liquid and plasma atmosphere. It is applied widely on various materials such as carbon steels, alloy steels, tool steels, stainless steels, cast iron and sintered materials [1] [2] [3] [4] . The nitrocarburizing process, which is carried out at a temperature range of 550-580 • C, is called ferritic nitrocarburizing [5, 6] . Although ferritic nitrocarburizing produces a compound layer with a high hardness and excellent tribological properties, the hardening response of the underneath nitrogen diffusion zone is relatively poor in plain carbon steels, and under high intensity loading conditions will fail prematurely due to its relatively low load bearing capacity. In order to solve this problem, attempts have been made to raise the nitrocarburizing temperature above Fe-N eutectoid point (∼590 • C) [5] [6] [7] . This process, which is termed austenitic nitrocarburizing, not only produces a hard surface layer and a diffusion zone, but also an iron-nitrogen-carbon austenite in the subsurface which is then transformed to martensite or bainite by quenching treatment [5] [6] [7] [8] .
The electrolytic plasma processing (EPP) technique was developed recently for the surface modification of steel in solution [9] [10] [11] [12] [13] . The electrolytic plasma process has a similar configuration to a conventional anodic oxidation or electroplating process. However, the applied electrode potential in all the electrolytic plasma processes is much higher than that of the conventional process. In this method under certain conditions, the electrode process rates are so high that the gaseous products of electrolysis do not have enough time to leave the surface of the metal electrode. So that, at a critical applied voltage, it is separated from the electrolyte by a so-called "vaporgaseous" envelope (i.e. a mixture of vaporized electrolyte and gases evolving from the electrode processes). The strong electric field in this envelope causes the ionization of the gaseous products and thus generates an electrical discharge at the electrode surface [9, 10] . In the plasma discharge channel/area, plasma chemical interaction occurs and oxide or nitride can be formed on the substance surface to be treated [9, 14, 15] .
In this study, electrolytic plasma nitrocarburizing (EPN/C), which is a cathodic process, was applied on AISI 1020 steel in an aqueous solution which consists of water, urea and sodium carbonate. Nie et al. [16] reported nitrocarburizing of AISI 1020 steel using EPP technique in a formamide based electrolyte which is toxic and flammable. There is also some published reports [17, 18] on nitrocarburizing of stainless steel in electrolytes consisting of urea. However, to the best of our knowledge, nitrocarburizing of AISI 1020 plain carbon steel in electrolytes including urea has not been done. This electrolyte is a cost effective, environmentally friendly and non-hazardous compared to the previously employed organic electrolytes [16] . Our main purpose in this work is the nitrocarburizing of AISI 1020 steel by EPP in an electrolyte including urea and the investigation of the effect of applied voltage and time of the treatment on the structure, mechanical and corrosion properties of the treated specimens.
2.
Experimental procedure AISI 1020 steel disk specimens (25 mm in diameter and 5 mm in thickness) were used for the experiments. The specimens were normalized at 920 • C for 20 min, and then were air cooled. The specimens were polished to 1 m using standard metallographic techniques. The specimens were connected to the negative terminal of a 40 kW DC power supply with a high current capability and were immersed in the bath to a depth of 30 mm beneath the electrolyte surface. The counter electrode (anode) was a stainless steel plate immersed in the electrolyte, and its area was significantly larger than that of the sample, so that the anode surface was 55 times larger than that of the cathode. The electrolyte was prepared from an aqueous solution of urea (H 2 N-CO-NH 2 ) in distilled water, and sodium carbonate was added to electrolyte for the adjustment of electrical conductivity. In this research, the EPN/C process was performed via a rapid increase of the voltage in the initial stage (0-170 V). When the plasma envelope was established, the voltage was adjusted to 220 V or 240 V. The process was conducted for either 3 or 5 min at a current density of 0.5 A/cm 2 . The current-voltage characteristic of the EPN/C treatment is illustrated in Fig. 1 . Fig. 2 shows the plasma environment around the cathode in the region of 200-270 V. The surface temperature of the specimens used in this work was measured with K-type thermocouple, and the temperature was estimated as 570 • Ca t 220 V and 715 • Cat240V . Fig. 3a and b shows the relationship of the electrode voltages, specimen surface temperature and current density. After the treatment, the phases of the compound layer were identified by a Philips X-ray diffractometer with Cu K␣ radiation.
For microstructure characterizations, the samples were mounted, mechanically polished and etched in 2% Nital. Then, the layer structure and thickness of the compound layer were examined by Nikon optical microscopy and Oxford-5526 scanning electron microscope (SEM). The variation in hardness with depth was determined using a Leitz-Wetzlar microhardness tester under a load of 25 g. The case depth (thickness) of the diffusion zone is defined as the depth at which the hardness is at least 10% above the core hardness. Unlubricated wear studies were carried out using a pin-on-disc machine. The discs were run against stationary pins 3 mm in diameter and made of hardened SAE 52100 chrome bearing steel. A normal load of 60 N and a sliding speed of 0.1 m/s were employed. The tests were run for different sliding distances up to a maximum of 1 km and weight loss was measured in each case using a sensitive electronic balance with a measuring accuracy of 10 −4 g.
Potentiodynamic polarization tests were carried out for the untreated and nitrocarburized samples at 25 • C using a Metrohm 628-10 potentiostat using a GPES software of the AutoLab system. A three-electrode cell with the untreated or nitrocarburized samples as the working electrode, Ag-AgCl saturated electrode as the reference electrode and a platinum rod as the counter electrode were used in these tests.
In order to obtain a steady-state condition before potentiodynamic polarization tests, the samples were immersed in the electrolyte for 24 h in the open circuit condition. Afterwards, the potentiodynamic polarization curves were obtained at a scan rate of 1 mV/s from −300 mV to +300 mV vs. open circuit potential (OCP). The test cell contained 3% NaCl solution (pH = 6.8). To get reliable results, the polarization experiments were repeated three times.
Results and discussion

Structural analysis
The effect of the voltage and time of the EPN/C treatment on the thickness of the compound layer and hardened subsurface layer is summarized in Table 1 . The results show that the thickness of the compound layer (or white layer) and hardened subsurface layer is a function of the applied voltage (and thus temperature) and treatment time, and increases as the voltage and/or time increases. Fig. 4 shows the cross-sectional optical micrographs of the EPN/C specimens. The influence of the applied voltage and time of the treatment on the white layer growth can be seen in the micrographs. In Fig. 4c and d corresponding, to samples 3 and 4, a zone between the white and diffusion layers, which is a mixture of martensite and retained austenite, can be observed. This structure is related to the austenitic nitrocarburizing treatment. Nevertheless, as shown in Fig. 4a and b corresponding to samples 1 and 2, the surface hardened layers only consisted of the white layer and diffusion layer which have the structural characteristic of ferritic nitrocarburizing. In the EPN/C treatment, the samples have no contact with the electrolytic environment during nitrocarburizing; however, at the end of the treatment and after turning off the electrode current, contact is made between the samples and electrolyte, and the samples are quenched in the electrolyte environment. Therefore, the electrolytic media is both heat-treating and quenching environments.
For samples 3 and 4, since the treatment temperature is higher than the eutectoid temperature of Fe-N, an iron-nitrogen-carbon austenite will be created in the subsurface, as reported by Bell et al. [5] . The subsurface will be changed to a mixture of martensite and retained austenite during the direct quench after turning off the electrical current because the samples are quenched in the electrolytic environment. The austenite layer, formed beneath the white layer, is stabilized by dissolved nitrogen. This layer would reach the maximum hardness or strength of the subsurface by a phase transformation from austenite to martensite which can be obtained by quenching from the treatment temperature. Though, direct quenching cannot form a fully martensitic structure in the sublayer [5] . Therefore, some retained austenite still exists in the austenite sublayer ( Fig. 4c  and d) , since nitrogen which is a powerful austenite stabilizer depresses M f (martensite finish temperature) below room temperature [8] . Fig. 5a and b shows the SEM images of samples 2 and 4. The SEM studies revealed that a uniform and compact white layer was firmly developed on the surface of the steel, and no crack was observed between the white layer and substrate. The compound layer formed during nitrocarburizing treatment includes poly phase iron nitrides or iron carbonitrides such as ␥ ′ -Fe 4 Nor␥ ′ -Fe 4 (N,C) and -Fe 2-3 Nor-Fe 2-3 (N,C) [4, 19] .It is difficult to determine whether the phases on the compound layer are nitride or carbonitrides, as the lattice spacing in iron nitride or carbonitrides are nearly the same [4, 19] .However ,it may be assumed that ␥ ′ and phases are carbonitride, since the gas mixture around cathode or workpiece contains CO 2 .
SEM investigation
In highly conductive solutions of urea, the cathodic process of hydrogen formation is also accompanied with a reduction of ammonia [17, 20] , which can be expressed by the net reaction:
The above reaction is predominated at low voltages (below 75 V), whereas above 75 V a significant amount of additional gas (i.e. vaporized electrolyte) is also produced near the sample surface due to ohmic heating of the local electrolyte solution [9, 17] :
where T v is the vaporization temperature of the electrolyte solution. The evaporation-decomposition in Eq. (2) depends on the current density which obviously is higher on the smaller (i.e. cathode in our case) electrode. Therefore, within the voltage range of 75-150 V, the gaseous products from the reactions in Eqs. (1) and (2) evolve rapidly and form a vapor envelope which separates the sample surface from the electrolyte. This low conductive envelope is subsequently electrically broken down at a certain voltage (∼170 V). At this voltage, the electric field strength within this region reaches a value between 10 6 V/m and 10 8 V/m [9] which is sufficient for the initiation of ionization process in the vapor envelope. The ionization phenomenon appears initially as a rapid sparking in scattered gaseous bubbles and then is transformed into a uniform glow distributed throughout the vapor plasma envelope. sharp reduction in the electrode current from approximately 17Ato4A (Fig. 1) . Beyond 270 V, the glow discharge is transformed into intensive arcing accompanied by a low frequency acoustic emission. The plasma generated in the vapor-gaseous envelope in the region of 200-270 V produces a high concentration of nitrogen and carbon-containing radicals and ionic components. Under the action of both the applied voltage and hydrodynamic forces, these components bombard the sample surface and make a high rate of diffusional flow toward the growing surface layer [9, 10, 17 ].
XRD analysis
The XRD results of the electrolytic plasma nitrocarburized specimens as a function of the process voltage are shown in Fig. 6 . The XRD analysis of sample 1 shows the peaks of -Fe 2-3 (N,C) with some ␥ ′ -Fe 4 (N,C), ␣-Fe and Fe 3 C phases. For other samples with a thicker white layer the peak of Fe 3 C (210) disappeared. This could be explained by the white layer thickness; X-ray could not reach to and/or reflect from the crystal structure of the matrix when the white layer was thick enough.
As can be seen in Fig. 4, in samples 3 and 4 , there is a martensitic layer beneath the white layer which make them differ from samples 1 and 2. Because of this martesitic layer, XRD results could not reveal the ␣-Fe phase of the matrix.
Moreover, for samples 2, 3, and 4, XRD patterns showed that ␥ ′ (1 1 1) phase disappeared and ␥ ′ (3 0 0) and ␥ ′ (2 2 2) phases (1 0 1); increasing the thickness of nitrocarburized layers amplifies the peak intensities of these phases.
Mechanical properties
The Vickers microhardness measurements were made on the metallographic specimens and the profiles are shown in Fig. 7a and b . The hardness value of the compound layer was about 930 HV, whereas the hardness value of the substrate was 205 HV. The profiles visibly indicate that the hardness decreases from the nitrocarburized layer to the substrate. The change in hardness beneath the compound layer in samples 3 and 4 shows a smoother decrease compared with samples 1 and 2, which is due to the presence of a martensitic layer between the compound layer and the diffusion layer, and also the higher thickness of the diffusion layer in these samples.
Tribological properties
To evaluate the wear properties of the treated samples, the wear tests were performed on a dry pin-on-disc tester. The weight loss vs. sliding distance relationship is shown in Fig. 8a  and b . The results show that the wear properties of the treated specimens have largely increased, since the and ␥ ′ iron carbonitrides have been formed on the surface, and the wear properties of samples 3 and 4 are relatively better than those of samples 1 and 2. This is attributed to the presence of carbonitride as the main phase in the surface layer of samples 3 and 4. In order to analyze the tribological behavior of the specimens, the wear tracks on the specimen surfaces were investigated. There are two major categories of wear mechanisms: adhesive and abrasive wear. Adhesive wear occurs when the contact pressure between the rolling surfaces is high enough to cause local plastic deformation and welding between the contacting asperities. Abrasive wear occurs when hard debris particles are indented and make a groove in the rolling surface of the material [4] . Fig. 9 shows the wear scars of the worn surfaces after 100 m and 1000 m sliding distance for the untreated and EPN/C treated samples, respectively. The untreated sample in Fig. 9a shows adhesive wear on the surface, and the wear tracks of this sample have been formed by microploughed and squeezed plastic deformation. Whereas sample 4 ( Fig. 9b ) showed even abrasive wear tracks and the much less failure was observed compared to the untreated sample. The similar abrasive wear tracks were observed for the other EPN/C treated samples.
Corrosion studies
The potentiodynamic polarization curves for the treated and untreated samples are shown in Fig. 10 . The corrosion current densities and corrosion potential voltages of untreated and treated samples are presented in Table 2 , as determined based on the classic Tafel analysis by extrapolating the linear portions of the potential vs. log current plot back to their intersection. The corrosion potential of nitrocarburized samples increased from −795 mV (for the untreated substrate) to noble potential. Also, the corrosion current densities for treated samples were lower than that for the untreated sample. The samples treated at 240 V show slightly better corrosion properties compared to the samples treated at 220 V. This effect was because of the higher thickness of nitrocarburized layer in samples 3 and 4.
Although the corrosion resistance of the samples nitrocarburized at 220 V and 240 V has been improved in comparison with the untreated sample, as reported by Lee et al. [21] , to increase the corrosion resistance of nitrocarburized AISI 1020 steel, post oxidation treatment must be done on it. An adherent Fe 3 O 4 oxide film with 0.2-1 m thick on the compound layer, as the post-oxidizing of the nitrocarburized steels, enhances the corrosion resistance [5, 21] . 
Conclusions
The AISI 1020 plain carbon steel was nitrocarburized in an urea aqueous solution by the EPP technique at 220 V and 240 V successfully. The following conclusions can be drawn from the present study:
• The surface layer formed on the samples by this treatment at 220 V has a characteristic of ferritic nitrocarburizing, i.e. the produced surface layer at this voltage consists of the compound layer and diffusion zone. The surface layers of the treated samples at 240 V consisted of compound layer, martensitic layer and diffusion zone respectively, i.e. the austenitic nitrocarburizing treatment.
• The compound layer formed on the surface of the samples predominantly was consisted of -iron carbonitride. Some ␥ ′ -iron carbonitride, ␣-Fe and Fe 3 C were also observed in samples treated at 220 V, while ␣-Fe and Fe 3 C phases were disappeared by increasing the voltage to 240 V because of a martensitic layer beneath the white layer.
• For all thicknesses of the compound layers, -iron carbonitride are identifiable. Also, ␥ ′ -iron carbonitride would be detected in XRD spectra. However, changing time and temperature results in some phase transformations of this phase.
• The thickness of the compound layer and hardened subsurface layer is very sensitive to the time and final voltage and increases as the time and voltage increase.
• The change in hardness beneath the compound layer in the samples treated at the voltage of 240 V shows smoother decrease compared to the samples treated at voltage of 220 V, which is due to the presence of a martensitic layer between the compound layer and diffusion layer, and also the higher thickness of the diffusion layer in these samples.
• The wear properties of the nitrocarburized samples were increased significantly in relation to the untreated sample. The samples treated in 240 V, due to the formation of martensite subsurface layer and single phase on the surface, presented better wear properties than those treated in 220 V.
• The corrosion resistance of the nitrocarburized samples was increased in relation to the untreated sample. Besides, the samples treated at 240 V showed somewhat better corrosion properties compared to the samples treated at 220 V.
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